To improve the mechanical strength of denture base resin, several types of noble metal cluster were introduced into PMMA, and the mechanical properties and color changes were evaluated. Complex salts of gold, silver, platinum, and palladium were used as the raw materials of noble metal clusters, and after adding each cluster to MMA, polymerization and thermal treatment were performed to produce PMMA-noble metal cluster complexes. Bending deflection, bending strength, and Vickers hardness were measured, and the formation conditions of metal clusters were investigated using EPMA, SEM, and TEM. Furthermore, color changes between before and after metal cluster creation were measured. The bending deflection increased with the addition of silver and platinum, and decreased with the addition of palladium. The bending strength was lowest with the addition of gold, highest with the addition of palladium. Vickers hardness increased with the addition of palladium. Color differences increased with increasing thermal treatment temperature.
INTRODUCTION
In recent years, polymethyl methacrylate (PMMA) has been used as a resin for denture bases 1) . This is because not only the color and feel of PMMA are appropriate as a material simulating gingiva, but also its mechanical strength and chemical characteristics such as water resistance are excellent [2] [3] [4] [5] [6] [7] , the dough forming technique can be applied, which is not applicable to many other macromolecular materials, shaping is easy, and it is suitable for dental use. Furthermore, PMMA is also used for artificial teeth due to easy color adjustment and shaping, and excellent esthetic properties such as transparency 8) . However, the mechanical strength of PMMA is poor because it is an organic material 9) , in comparison with metal and ceramic materials. Regarding this disadvantage, although improvement of shock resistance and tensile and bending strengths has been attempted using crosslinking monomers 10) , no marked effects have been achieved. Furthermore, although engineering plastics such as polysulfone resin 11, 12) and polyether sulfone resin, whose physical properties are superior to those of PMMA, have been used as denture base materials 13) , they are not widely used for general dental treatment, not only because they require large apparatuses such as injection and compression molding machines, and specific instruments, but also their molding method differs somewhat from conventional dental laboratory techniques 14, 15) . Therefore, the dough forming technique with PMMA is most widely used.
On the other hand, polymer-noble metal cluster complexes have recently attracted attention in industry 16) . When monomers with dissolving metallic complex salts are polymerized, metallic complex salts are dispersed in the polymer; thereafter, using reducing action by thermal treatment, metal nanocolloids are uniformly deposited and dispersed from metallic complex salts, producing a polymer-noble metal cluster complex 17) . Generally, clusters are the aggregation of several to a few score atoms and molecules (the number is less than 10 3 ), and are physically in a fourth phase, differing from a solid, liquid, or gas 18, 19) . For example, it is known that gold clusters of several nanometers are dispersed in red stained glass, and electrons in each minute particle of the cluster induce plasma oscillation, absorbing blue-green light; therefore, the glass seems to be red 20) . Furthermore, in dentistry, although it is well known that porcelain becomes discolored to yellow due to the presence of silver, this discoloration is considered to be caused by silver clusters. The composition of such metal clusters and macromolecular materials has recently been successfully determined, leading to several applications. In dentistry, the attempt to form compounds of noble metal clusters and PMMA is interesting from the perspective of its application to denture base resin. The dye materials and pigments contained in denture base resin could be weaken the mechanical proerties, so we consider that not only the adjustment of color but also improvement of mechanical strength 17) can be expected from this approach. Therefore, in this study, to evaluate the possibility of applying polymer-noble metal cluster complexes in dentistry, we attempted to introduce several types of noble metal cluster into PMMA to improve the physical properties of denture base resin. Gold, silver, platinum, and palladium were used as noble metal cluster materials, and each cluster was introduced into PMMA to investigate changes in several characteristics, such as color change, suitability for denture base resin, and conditions for optimal use. Table 1 shows the noble metal complex salts and raw materials used in this experiment. Regarding platinum and palladium, we used commercially available bis(acetylacetonate) platinum (II) ((C 5H7O2)2Pt) (Wako Pure Chemical Industries, Osaka, Japan) (Pt complex salt), and bis(acetylacetonate) palladium (II) ((C 5H7O2)2Pd) (Wako Pure Chemical Industries) (Pd complex salt). Regarding the complex salts of gold and silver, we performed their synthesis according to the procedures reported by Nakao 21) .
MATERIALS AND METHODS

Synthesis of noble metal complex salts
Production of PMMA-noble metal cluster complex PMMA-noble metal cluster complex was produced as follows: Methyl methacrylate (MMA) (extra pure reagent, Tokyo Chemical Industry, Tokyo, Japan) was used as monomers without refining. Nine grams of MMA for bending deflection test and 14 g of MMA for bending test were put in a 50-mL bottle, and 0.09 g of benzoyl peroxide (Nacalai Tesque, Tokyo, Japan) for bending deflection test and 0.14 g for bending test were added as a curing initiator. Thereafter, 15 or 75 μmol of each noble metal complex salt was added, and stirring for approximately one min was performed on the mixture in an ultrasonic cleaning device, while performing irradiation with ultrasonic waves. Thereafter, the bottle containing MMA, initiator, and noble metal complex salt was heated in an oiling bath, and procuring was performed until it became syrupy. At this time, considering the results of preliminary experiments, the temperature for procuring was set at 65-70°C in cases of Pt and Pd complex salts, 75-80°C for Au complex salt, and 80-95°C for Au complex salt. At these temperatures, the contents were shaken at fixed intervals, viscosity was confirmed, and heating was continued until it became syrupy. The time required for this procuring was 90-120 min for Au complex salts, 60-75 min for Ag complex salt, and 45-70 min for Pt and Pd complex salts. After becoming syrupy, the mixture was poured into a silicone rubber frame placed between glass plates (100×60×2.5 mm), containing as little air as possible. The silicone rubber frame was produced using silicone rubber sheets (Moriteq, Tokyo, Japan), and a silicone rubber frame of 100×60×3 mm in external dimensions and 70×30×3 mm in internal dimensions was used for bending deflection test, and one of 100×60×4 mm in external dimensions and 70×30×4 mm in internal dimensions was used for bending test. Regarding molds for producing specimens into which syrup was poured, only specimens containing Ag complex salt were placed in an incubator (FC-410, Toyo Engineering Work, Tokyo, Japan) at 70-100°C for 4-5 min to prevent bubble generation, and polymerization was accelerated. Thereafter, all specimens containing complex salts were left at rest in an incubator (F-12, Isuzu Works, Niigata, Japan) for 24 h at 50°C, and polymerization was completed.
Thermal treatment of the polymerized specimens was performed for one hour at 100 or 120°C to create metal clusters. The creation of clusters was confirmed by a clear change of color.
Production of test specimens
After completing polymerization between glass plates, specimens for bending deflection and bending tests were excised from the PMMA-noble metal cluster complexes after thermal treatment at 100 or 120°C. Each test specimen was produced according to the JIS standards 22, 23) , setting the size of bending deflection test specimens to 64×10×2.5±0.1 mm and that of bending test specimens to 64×10×3.3±0.1 mm. After thermal treatment, 2 test specimens were excised from one cluster complex specimen using a precision cutting machine (Isomet, Buehler, USA), and dry polishing was performed using #240, #600, and #800 water-resistant polishing papers. Thereafter, to retain parallelism, buffing was performed using 1-μm-alumina abrasive grains so that the thickness error at 3 points became within ±0.01 mm, and test specimen dimension error became within ±0.01 mm of the standard value. Thereafter, each test specimen was immersed and kept in water in an incubator at 37±2°C for 50±2 h. Production of each test specimen was repeated in a random order 5 times.
Measurement of color
Measurement of color was performed using a colorimeter (CR-200, Minolta, Tokyo, Japan). Before and after creating a metal cluster with thermal treatment at 100 or 120°C, test specimens were placed on a Fig. 1 The color of the samples after heat treatment.
white background board (the standard white board for calibration, Minolta), and chromaticity coordinates (Yxy) were evaluated while measuring 3 sites per test specimen. The mean value of 3 measurements was set to the chromaticity (Yxy) of each test specimen, and after converting into L*a*b* 24) , color difference (ΔE*ab) between before and after thermal treatment was calculated, and a comparison with PMMA test specimens was performed as the control.
Measurement of mechanical properties
Bending deflection test was performed according to the JIS standards 22) , using a constant load testing machine (BV-1, Japan Mecc, Tokyo, Japan), in which a centerloading plunger of 3.2 mm in diameter and a digital dial gauge (DG205, Mitutoyo, Tokyo, Japan) were attached to a 3-point-bending test jig with a roller of 3.2 mm in diameter, setting the distance between the fulcrums to 50 mm. The constant load testing machine was placed in a constant-temperature water bath at 37±2°C, and the test was performed using specimens kept in water for 50±2 h at 37±2°C. The initial load was set at 15 N, and load was added at a rate of 5 N/min until the total reached 50 N. At this time, displacement was recorded 30 s after applying each load, and a difference in the displacement between the application of initial load and that of 35 or 50 N was set as the bending deflection. Regarding 2 test specimens excised from the same plate specimen, the mean of the 2 measurements was set as the bending deflection of the test specimens.
Bending test was performed according to the JIS standards 23) , using a universal testing machine (DCS-1OT, Shimadzu, Tokyo, Japan), 3-point-bending test was performed under the same conditions as the bending deflection test.
Regarding 2 test specimens excised from the same plate specimen, the mean of the 2 measurements was set as the bending strength of the test specimens.
Vickers hardness was measured using a Vickers hardness test machine (AVK, Akashi, Tokyo, Japan), using specimens from after the bending test.
Measurement load was set to 5 kgf (49.03 N), and the duration of the test force was set to 20 s. Two test specimens were excised from the same specimen, and three points were measured per test specimen; therefore, the mean of 6 measurements was set to the Vickers hardness of the specimen.
Production of EPMA, SEM, and TEM test specimens, and observation
EPMA measurement specimens were carbon coated, then, surface analysis was performed using an EPMA (EPMA-8706, Shimadzu) under conditions of acceleration voltage 20 kV and specimen current 0.1 μA, and the wavelength profile of each metal was measured to confirm the presence of metal elements.
Specimens for SEM observation were excised from the fracture surface of post-bending test using a precision cutting machine. The fracture surface specimen was fixed on the test specimen stand using double-sided tape, and after performing coating of osmium of 10 nm 3 times using a osmium coater (Neoc-AN, Meiwafosis, Tokyo, Japan), SEM (S-4000, Hitachi, Tokyo, Japan) observation was performed at an acceleration voltage of 5 kV.
For TEM observation, ultra-thin sections of 0.1 μm in thickness were produced from the test specimen after the bending test, using a microtome (EMUC6, Leica, Tokyo, Japan), and TEM (JEM-2000EXII, JEOL, Tokyo, Japan) observation was performed at an acceleration voltage of 80 kV.
Statistical analysis
After confirming the homogeneity of variance of the measurements of the present experiment, three-way analysis of variance (ANOVA) with 5 replications was performed, setting the type of metal (A), amount of addition (B), and thermal treatment temperature (C) as factors. Regarding factors and interactions for which significant differences were noted, paired comparison of the means by Tukey's method was performed. In the same column, means followed by the same superscript indicate presence of statistically significant difference (p<0.05).
RESULTS
Mechanical strength
The results of mechanical strength and color difference were listed in Table 2 . From the 3-way ANOVA of the bending deflection at 35 N, a strongly significant difference (p<0.01) in the type of metal (factor A), and a significant difference (p<0.05) in the interaction between the type of metal and amount of addition (A×B) were noted. In comparison with the control PMMA, although no significant differences between the control and Au-added specimens were noted (p<0.05), Agand Pt-added specimens showed significantly higher bending deflections, and specimens with the addition of a large amount of palladium (75 μmol) showed a significantly lower bending deflection (p<0.01).
From the 3-way ANOVA of the bending deflection at 50 N, the type of metal (factor A), amount of addition (factor B), their interaction (A×B), and interaction between the type of metal and thermal treatment temperature (A×C) showed highly significant differences. In comparison with the control PMMA, Pt-added (75 μmol) specimens showed a significantly higher bending deflection (p<0.01), and Pd-added (75 μmol) specimens showed a significantly lower bending deflection (p<0.01). Furthermore, regarding the influence of the concentration of metals, although the bending deflection significantly increased (p<0.05) with increases in the addition of gold and platinum, the amount of added silver and palladium showed no influence. In comparison with the control, although Pt-added specimens thermally treated at 100°C showed a significantly higher bending deflection, other specimens showed no significant differences.
From the results of the 3-way ANOVA of the measurements of bending strength. The type of metal (factor A) and thermal treatment temperature (factor C) showed highly significant differences (p<0.01), and 3-factor interaction presented a significant difference (p<0.05). In comparison with the control PMMA, the bending strength significantly decreased (p<0.05) in the Au-added (15 μmol) specimens thermally treated at 100°C, Au-added (75 μmol) specimens thermally treated at 120°C, and Ag-added (15 and 75 μmol) specimens thermally treated at 120°C. The bending strength of the Au-added specimens showed a tendency to decrease, in comparison with those of other metals.
From the results of the 3-way ANOVA of the measurements of Vickers hardness, the type of metal (factor A), interaction between the type of metal and thermal treatment temperature (A×C), and 3-factor interaction (A×B×C) showed highly significant 
Color difference
The color differences of each specimen after thermal treatment were given in Table 2 and the averaged values of L*, a* and b* of specimens were given in Table  3 . Color differences were noted in the specimens with the addition of 15 and 75 μmol of each metal and at each thermal treatment temperature. Generally, coloration became deeper with increases in the amount of addition and thermal treatment temperature. To define this color change, regarding discoloration after thermal treatment, 3-way analysis of variance of color differences (ΔE*ab) was performed. As a result, highly significant differences were noted in all principal factors, all interactions between 2 factors, and 3-factor interaction. In comparison with the control PMMA, although Ag-added specimens showed no significant color differences, other specimens presented significantly higher color differences with the amount of addition and thermal treatment temperature (p<0.01).
In particular, specimens with the addition of 75 μmol platinum or palladium showed markedly higher color differences (p<0.01). It was revealed that Pt-and Pd-added specimens thermally treated at 120°C showed significantly higher color differences than that treated at 100°C.
EPMA, SEM, and TEM
EPMA observation images of the surface analysis of metal-added specimens shows the characteristic X-ray profile of each metal, so metal dispersions are uniform. Figure 2 shows SEM images of the fracture surface after the bending test. In the figure, bending load is applied from the inferior side of the specimen; therefore, compressive stress occurs on the inferior side, and tensile stress occurs on the superior side. From the figure, the fracture surface shows a ripple-like pattern similar to the shell pattern of fatigue fracture, and it was revealed that this is an agglutinative fracture morphology caused by the progression of minute cracks.
From TEM images of metal-added specimens, it was confirmed that the aggregation of metal elements is not observed even at magnifications over 200,000 times, showing the uniform dispersion of metal elements; therefore, the cluster size is extremely small (less than a few nanometers).
DISCUSSION
To improve the mechanical properties and color of PMMA resin, gold, silver, platinum, and palladium were used as the materials of noble metal clusters, and experiments were performed to evaluate the application of metal clusters.
The ionic radii of the metal elements used (intermetallic bond radius) were 134 (144) pm in gold and silver, 130 (138.5) pm in platinum, and 128 (137) pm in palladium 25, 26) . Metal clusters are the aggregation of several to a few score atoms. For example, the size of the gold cluster is considered to be 8-10 nm 27) , and it is calculated that approximately 28 atoms are arranged in the diameter direction of the cluster, considering the intermetallic bond radius. However, even by the approximation to a sphere, this becomes the aggregation of more than 10,000 atoms, which is too large for a cluster. Therefore, the number of atoms composing a gold cluster is smaller, and it is considered that clusters are formed by weaker bonds than intermetallic bonds. However, although the TEM observation of this size of cluster is considered possible, TEM pictures showed only uniformly dispersed light spots, the differentiation of which is impossible. Therefore, it is considered that the gold clusters produced in the present experiment have an even larger interatomic distance.
It is known that brilliant coloration observed in stained glass can occur in PMMA, which is called organic glass. The coloration of resin by metal clusters produces a color specific to each metal, and gold clusters produce a red color, as used for the coloration of glass; therefore, it is considered that the same plasma oscillation (plasmon absorption) is caused in PMMA 27) . Furthermore, this process of color change depends on the temperature, and although a long time is required for the aggregation to become a certain size after initiation of the reduction of gold complex salts, the color of the contents rapidly changes from yellow to pink and red when changes are initiated. This period corresponds to the change from syrupy to jelly-like, and if the temperature decreases when the material is removed from an incubator, gold deposition and clustering by subsequent thermal treatment become impossible. Therefore, in this study, a glass plate itself was placed in an incubator, and pouring was performed with small changes in temperature, stabilizing and controlling the decrease of temperature in the incubator for 4-5 min. Furthermore, regarding the noble metal clusters used in the present experiment, although this type of color change was noted with gold, it was not observed with other metals; therefore, it is speculated that the re-aggregation ability of gold colloids is higher than those of other noble metal colloids.
In silver, although yellow coloration was observed as in glass and porcelain, it was the lightest coloration among the noble metals used in this study. From the results of the present experiment, because the influence of the amount of added metal and thermal treatment temperature was noted, it is expected that further brilliant coloring and improvement of mechanical characteristics of silver can be achieved by increasing the amount of addition while evaluating an appropriate thermal treatment temperature for silver.
Platinum and palladium showed a slow reaction until becoming syrupy and changing from colorless and transparent to light yellow, gradually presenting the coloration of yellow of the same system. It is considered that this is because elements constituting almost the same size of clusters are produced in the inside of PMMA, and it was revealed from the results of preliminary experiments that further deeper coloration was achieved when the amount of addition and thermal treatment temperature were high. Therefore, regarding the present conditions of coloration, the effects of platinum and palladium are similar, and it was considered that effects on the depth of color and coloration are higher with palladium than with platinum. These changes in color are unique as a coloring agent, and because there is no risk of elution, in contrast to the case for typical dyes and pigments, they are excellent coloring agents in terms of physiological safety.
From the results of bending deflection test, the bending deflection increased with the addition of silver and platinum, and it decreased with the addition of palladium. This tendency was marked with a large amount of addition (75 μmol). The increase of bending deflection means softening of resin and decrease of elastic modulus of resin. The results of the bending deflection were in accordance with those of Vickers hardness, and specimens with higher bending deflection showed lower Vickers hardness, and those with a lower bending deflection presented higher Vickers hardness. This influence of the type of metal is considered to increase in the order of gold, silver, and platinum. Furthermore, although the effects became higher with increases in the amount of addition, the influence of thermal treatment temperature differed based on the type of metal. On the other hand, when palladium was added, the bending deflection decreased with increases in the amount of addition and the bending deflection of the specimen treated at 120°C was smaller than that at 100°C, this result was in accordance with the result of Vickers hardness, i.e. Vickers hardness of the specimen treated at 120°C was larger than that at 100°C.
Therefore, as a summary, it is considered that the influence of the addition of gold to PMMA on the bending deflection and hardness is low, PMMA specimens become soft and flexible with the addition of silver and platinum, and they become hard and non-flexible with the addition of palladium.
When these results were evaluated from the results of bending test, although the bending strength did not become significantly higher than that of PMMA, the bending strength was highest with the addition of palladium, and higher in the order of the addition of platinum, silver, and gold. Therefore, considering the bending deflection, hardness, and bending strength, the effects on the reinforcement of mechanical properties are greater in the order of the addition of palladium, gold, silver, and platinum. These results are in accordance with a report stating that marked improvement of the elastic modulus of PMMA was observed with the addition of nano-particles of palladium 27) . Although it is considered that this was because of the balance between the diameter of the particles of palladium clusters and the mean radius of medium PMMA when the molecules of PMMA became coiled, the detailed mechanism is unknown. Although the diameter of the particles of platinum is almost the same as for palladium, because the addition of platinum did not achieve such reinforcement effects as the addition of palladium, it is predicted that the dispersion condition of platinum markedly differs from that of palladium.
Regarding the direction of future study, it is necessary to evaluate cluster-creation conditions further, such as the amount of added metal complex salts and thermal treatment temperature, to improve the characteristics of PMMA-noble metal cluster complex achieved in the present experiment. Furthermore, application to many fields, such as the reproduction of color similar to that of permanent teeth and gingiva, is considered possible by evaluating the physical properties and color changes when each cluster is mixed with other clusters.
CONCLUSIONS
To improve the mechanical properties and color of denture base resin, 15 and 75 μmol complex salts of gold, silver, platinum, and palladium were added, and the mechanical characteristics and color of each PMMAnoble metal cluster complex produced by thermal treatment at 100 or 120°C were investigated. The following conclusions were obtained:
1. The bending deflection at 35 N increased in silver-and platinum-added specimens, and decreased in specimens with the addition of 75 μmol palladium. The bending deflection at 50 N increased in platinum-added (75 μmol) specimens, and decreased in palladium-added (75 μmol) ones. Platinum-added specimens thermally treated at 100°C showed significantly higher bending deflection, in comparison with the addition of other noble metal clusters. 2. Bending strength was lowest with the addition of gold and highest with the addition of palladium. Furthermore, the bending strength was higher with thermal treatment at 100°C than at 120°C. 3. Vickers hardness decreased with the addition of platinum, and increased with the addition of palladium. Vickers hardness was highest in goldadded (75 μmol) specimens thermally treated at 100°C, and palladium-added (75 μmol) ones treated at 120°C. 4. Changes of the color of metal clusters varied among metals, color changes between before and after thermal treatment were markedly low in silver-added specimens, the influence of the amount of added platinum and palladium on color changes was large, and color differences increased with increases in thermal treatment temperature. 5. From the results of EPMA, SEM, and TEM observations, it was confirmed that the dispersion condition of metal clusters was uniform. The further investigation of metal clusters to the dental application would be desirable.
